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is not the case for a number of reasons: (i) the most common 
solar cell structure consisting of a mesoporous oxide/perovs-
kite heterojunction [ 16 ]  cannot be used in a photodiode due to its 
large effective junction area that dramatically increases parasitic 
capacitance and dark current (both fatal for photodiode detec-
tivity and temporal response); (ii) the recently introduced alter-
native planar perovskite solar cell architecture employing either 
thin organic [ 17 ]  or inorganic  [ 18 ]  electron/hole transporting layers 
also possesses a high intrinsic capacitance mainly due to the 
large dielectric constant of the constituent perovskite; [ 19 ]  and (iii) 
solution-processed perovskite junctions deposited on anything 
other than an appropriate oxide tend, with only a few excep-
tions, to contain large crystallites in the thin fi lm that lead to 
roughness and current leakage [ 20 ] —in a photodiode this is also 
disastrous for the dark current. Recently, photoresistors and 
phototransistors based on organohalide perovskites have been 
reported. [ 21–23 ]  However, the properties of these devices are not 
suffi cient for imaging applications or low noise light detection. 

 In this Communication, we address these issues and dem-
onstrate organohalide perovskite photodiodes (PPDs) with per-
formance metrics equivalent to commercially available silicon 
photodiodes. Our PPDs are solution processed, completely 
IR-blind, and have the simplest possible linear homojunction 
architecture. They employ relatively thick fullerene (n-type 
organic semiconductor) electron transporting interlayers to 
manipulate the device electro-optics, from whence we achieve 
control over junction capacitance, dark current, and frequency 
response without compromising the LDR. 

  Figure    1  a shows a typical X-ray diffraction (XRD) pattern of 
a spin-coated polycrystalline fi lm of the organohalide perovs-
kite CH 3 NH 3 PbI 3  on a poly(3,4 - ethylenedioxythiophene):poly-
(styrene sulfonate) (PEDOT:PSS) modifi ed indium tin oxide 
(ITO) on glass substrate, with the crystal structure shown in 
the inset. The XRD pattern confi rms a high degree of crystal-
linity and orientation, and is similar to that reported for the best 
CH 3 NH 3 PbI 3  coevaporated fi lms. [ 9 ]  The crystallite size (<100 nm) 
can be seen in the scanning electron microscopy (SEM) image 
shown in the inset of Figure  1 a, and can also be inferred from 
the diffraction peaks at 14.3° and 28.6° [assigned to the (110) 
and (220) planes, respectively]. The absorption spectrum of per-
ovskite fi lm is shown in Figure S1 (Supporting Information).  

 Figure  1 b shows the architectures of the four PPD devices, 
which all have ITO/PEDOT:PSS anodes, an organohalide per-
ovskite homojunction, and lithium fl ouride (LiF)-modifi ed 
silver (Ag) cathodes. We categorize the four structures as fol-
lows: (i) Type 1 contains a thin solution-processed [6,6]-phenyl-
C61-butyric acid methyl ester (PC60BM) layer (≈10 nm); 
(ii) Type 2 has a thicker PC60BM layer (≈50 nm); (iii) Type 3 
contains a thick evaporated C60 layer (≈130 nm); and (iv) Type 4 
an optically optimized (see Figure S2, Supporting Information) 

  Silicon photodiodes are currently the workhorse for image 
sensors used in digital cameras and smartphones. These pho-
todiodes are low noise, broadband, and can deliver high detec-
tivities of >10 12  J, linear dynamic ranges (LDRs) of >200 dB, 
and high frequency responses limited only by circuit  RC  char-
acteristic times. However, silicon has a band gap of 1.1 eV 
leading to an unwanted near-IR photoresponse. In photodi-
odes, this is a source of optical noise that reduces image quality, 
and increases architectural complexity and cost to suppress. 
Other semiconductors with wider optical gaps (and hence less 
sensitivity in the IR) have been trialed with varying degrees 
of success including band gap engineered quantum confi ned 
nanostructures [ 1 ]  and organic semiconductors. [ 2 ]  To replace or 
rival silicon as the photojunction, any substitute must deliver 
at least the same fi gures of merit, but preferably have simpler 
and cheaper fabrication. For example, quantum dot (QD) vis-
ible light photodetectors [ 3 ]  can achieve high specifi c detectivities 
(>10 12  J) but exhibit modest LDRs (<60 dB), slow temporal (fre-
quency) response (<100 Hz at −3 dB), and large dark currents 
(>100 µA cm −2 ) inducing noise and power wastage. Organic 
photodiodes (OPDs) have also been reported for different spec-
tral ranges, [ 2,4,5 ]  including broadband visible. [ 6 ]  These OPDs 
have metrics approaching that of silicon, and the potential for 
simple, low-cost processing, but have yet to fully demonstrate 
their potential. Thus, an ideal substitute for silicon as the active 
junction in visible light photodiodes is yet to present itself. 

 Organohalide lead perovskites have recently emerged as 
a leading next generation thin fi lm solar cell technology. [ 7,8 ]  
Although their basic electrical and optical properties have yet 
to be fully elucidated, they appear to be polycrystalline direct 
gap semiconductors with very low exciton binding ener-
gies, [ 9,10 ]  large static dielectric constants (40–70), [ 9,10 ]  high free 
carrier mobilities, [ 11 ]  and a partially tunable energy gap around 
1.6 eV. [ 12,13 ]  These are exactly the properties one could envisage 
for a wider-gap version of silicon, with the added benefi t that 
perovskite fi lms can be processed by low temperature vacuum 
evaporation or from solution. [ 8,13,14 ]  

 It might be thought that organohalide perovskite solar cells 
could in principle be optimized for photodiode operation in 
the same way as organic solar cells have been. [ 15 ]  However, this 
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combination of thick PC60BM and C60 layers. The optimiza-
tion of the layers was done using transfer matrix optical mode-
ling. [ 24 ]  In all cases, the perovskite homojunction thickness was 
≈180 nm as measured by a Dektak profi lometer. The fullerene 
interlayers act to promote electron extraction, and effectively 
block the back injection of holes to suppress the dark current 
even under reverse bias. This is due to their poor hole mobility 
and large ionization potentials. 

 Figure  1 c shows typical dark current density–voltage ( J–V ) 
curves for each of these structures. The thin fullerene inter-
layers of the Type 1 devices do not completely cover the poly-
crystalline perovskite junction, and we observe a relatively high 
reverse bias dark current density of 10 −5  A cm −2  at −0.5 V. The 
use of thick PC60BM (Type 2) or C60 (Type 3) leads to a sig-
nifi cant reduction in the dark current, which is due to better 
coverage of the perovskite crystallites by the hole blocking 
fullerene layer. The Type 4 devices exhibited by far the lowest 
dark currents (5 × 10 −10  A cm −2  at −0.5 V), which is close to the 
limit of our measurement system. The electron-transport/hole-
blocking layer comprised of individual layers of PC60BM and 
C60 gave the best overall coverage of the perovskite layer, and 
hence the most effective reduction of leakage current. 

 Figure  1 d presents typical external quantum effi ciency (EQE) 
spectra (obtained at short circuit condition) for the four types 
of photodiodes. They all exhibit high EQEs (50%–70%) in the 
wavelength range 300–800 nm, and hence are suitable for vis-
ible-light broadband photodetection. We have previously shown 

that the EQE response of a CH 3 NH 3 PbI 3  perovskite homojunc-
tion solar cell with similar active layer thickness as these OPDs 
has the following characteristics: i) saturation regime <550 nm 
where the absorption coeffi cient is so high that the optical den-
sity (OD) is >> 1 (Figure S1, Supporting Information) and there-
fore, there are minimal cavity effects. The spectral shape in this 
region does not vary much as a function of the thickness of the 
perovskite and other layers; and (ii) for wavelengths > 550 nm 
the OD is =1 (Figure S1, Supporting Information) and the 
diode operates in the low fi nesse cavity limit where interference 
plays a role. The EQE can be optimized by careful optical mod-
eling and controlling the thicknesses of each of the layers. [ 9,25,26 ]  
These basic cavity phenomena are observed in Figure  1 d noting 
that the Type 4 devices were further optimized using transfer 
matrix analysis to fl atten the spectral response (Figure S2, Sup-
porting Information). This structure also delivered an electric 
fi eld independent EQE confi rming a high charge collection 
effi ciency (Figure S3, Supporting Information). Moreover, our 
optimized perovskite diodes possessed power conversion effi -
ciencies >12% working in a photovoltaic mode (Figure S4, Sup-
porting Information), which confi rms the quality of the junc-
tion morphology and effi cient charge collection. 

 Having established that the optimized Type 4 structure 
delivered very low dark currents and high, broad visible-band 
EQEs, we carefully evaluated the key photodiode performance 
metrics: LDR; detectivity; noise fi gure of merit; and temporal 
(frequency) response. The LDR is particularly important for 
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 Figure 1.    Organohalide perovskite (CH 3 NH 3 PbI 3 ) photodiodes. a) X-ray diffraction (XRD) pattern of solution processed perovskite fi lms on ITO/
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image sensors since they need to operate over a broad intensity 
range. To evaluate the LDR, we chose the best Type 4 device, 
and performed intensity-dependent photocurrent measure-
ments. The LDR is commonly expressed in a logarithmic scale 
as

    
= =

J

J

L

L
LDR 20log 20log

upper

lower

upper

lower   
(1)

 

 where,  J  and  L  denote the current density and input light irradi-
ance, respectively. The upper limit of the LDR is given by the 
current value that deviates from linearity, and is defi ned by 
the slower carrier transit time. [ 27 ]  Although the charge carrier 
mobility of perovskites is yet to be reliably measured, estimates 
of electron and hole mobilities of the order 20 cm 2  V s −1  [ 11 ]  have 
been reported. This is at least four orders of magnitude larger 
than the electron mobility of fullerenes. [ 28 ]  Therefore, the upper 
limit of the linearity range will be defi ned by the space charge 
limited current in the fullerene layer, and as such
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 where  C  f  is the capacitance per unit area of the fullerene layer, 
 t  tr  the transit time of the electrons in the fullerene layer,  ε  f  the 
fullerene dielectric constant,  ε  0  vacuum permittivity,  µ  f  fullerene 
electron mobility (≈3 × 10 −3  cm 2  V s −1 ), [ 27 ]   V  bi  and  V  RB  the built-
in and reverse bias voltages, and  d  f  the combined fullerene layer 
thickness (≈180 nm). Equation  ( 2)   predicts an upper limit of 
≈0.2 A cm −2 . This is close to our experimental observations, as 
shown in  Figure    2  a (intensity dependence at −0.5 V) supporting 
this analysis. The Type 4 photodiode has a linear response from 
1.8 nW cm −2  to 0.4 W cm −2  corresponding to a LDR of ≈170 dB 
(at −0.5 V). The lower limit of the LDR is governed by the detec-
tion limit of our equipment. To gain a more accurate view of 
the actual LDR, we also measured the noise spectral power 
(Figure S5, Supporting Information). At reverse bias volt-
ages between 0 and −1 V the noise current was found to be 
≈50 fA Hz −1/2  corresponding to a noise equivalent power (NEP) of 
≈200 fW Hz −1/2  with device area 0.2 cm 2 . The predicted and 
theoretical LDR values can be estimated based upon this NEP 
to be 230 and 250 dB, respectively. The shot noise current can 
also be calculated from the dark current to be 7 fA Hz −1/2  (at 
−0.5 V), that is, these are very low noise photodiode.  

 The specifi c detectivity was determined based upon the 
measured EQE and noise current as described in ref. [ 14 ] . These 
results are provided in Figure  2 b for the optimized Type 4 device 
under several reverse bias voltages. We note detectivities >10 12  J 
across the UV–visible, very close to those in silicon photodi-
odes [ 2,3 ]  with a completely IR-blind response. Finally, we meas-
ured the frequency response of the optimized Type 4 device and 
this is shown in  Figure    3  a: normalized photocurrent versus 
light modulation frequency at different bias voltages (see Exper-
imental Section for details). In Figure  3 a, a typical frequency-
dependent response of a Type 1 device (thin PC60BM) is also 
shown to highlight the important role of the thick PC60BM/C60 
interlayer that is used in the Type 4 device. Figure  3 b presents 
the −3 dB point frequency ( f  −3dB ) for both Type 1 and 4 devices, 
which we fi nd to be ≈150 and 500 kHz, respectively.  

 The superior frequency response of the Type 4 device is due 
to its reduced parasitic capacitance that decreases the overall  RC  
constant of the circuit (see the equivalent circuits inset in Figure 
 3 b and also the capacitance measurements in Figure S6, Sup-
porting Information). In this regard, the  f  −3dB  values are in agree-
ment with those calculated from Equation  ( 3)   valid for R t� tr, 
which is the case here for our relatively large 0.2 cm 2  devices

    π
=−f
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1

2
3dB

  
(3)

   

 We note that the frequency response of the Type 4 device is 
more than adequate for image sensing and comparable with, or 
superior to, many commercial inorganic photodiodes operating 
in the visible band with similar active area as our devices. [ 29 ]  In 
the small-pixel limit with negligible parasitic capacitance, the 
 f  −3dB  response will be limited by the electron transit time in the 
fullerene layer. According to Equation  ( 4)   this would mean, for 
example, a 6 MHz response at −0.5 V
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 The predicted value of 6 MHz is close to the value recently 
reported by Dou et al., [ 30 ]  that is, 3 MHz for very small area 
photo diodes (0.01 cm 2 ). 

 To further demonstrate the temporal response of these pho-
todiodes, Figure  3 c shows the current transients for Type 1 and 
4 devices at −0.5 V from which the rise and fall times can be 
determined (of order 1 µs for the Type 4 device). The transient 
signals for the Type 4 devices are clean and fl at, typical of what 

one would observe in a conventional silicon photodiode with no 
initial rise in the on-state often seen in organic and quantum 
dot photodiodes due to charge trapping/detrapping. [ 31 ]  

 In summary, we have demonstrated an organohalide perovs-
kite low noise, IR-blind visible photodiode with performance 
metrics equivalent to commercial inorganic semiconductor 
devices. The perovskite photodiode consists of a simple, solution-
processed homojunction capped with a PC60BM/C60 cathode 
interlayer. This interlayer: i) behaves as a low shunt capacitor 
improving the diode temporal response; ii) suppresses the 
dark current by conformally coating the perovskite homojunc-
tion and limiting the back injection of holes; and iii) provides 
electro-optical control of the spectral response. These features 
are achieved without compromising the LDR as the fullerene 
electron mobility is suffi cient to prevent space charge forming in 
the junction up to light intensities of 0.4 W cm −2 . We observe a 
measurement-limited LDR of ≈170 dB (at −0.5 V), but noise cal-
culations would indicate it could be as high as 250 dB. This work 
further demonstrates the remarkable potential of the organo-
halide perovskites in optoelectronics, and provides a technology 
relevant silicon substitute for visible light detection and imaging.  

  Experimental Section 
  Materials : Lead iodide (PbI 2 , beads, 99.999% trace metals basis) was 

purchased from Sigma Aldrich and methylammonium iodide (MAI, 
MS101000-10) was purchased from Dyesol Pty Ltd. PEDOT:PSS was 
obtained from Heraeus (Clevios P VP. Al 4083, Charge: 2014P0168). 
PC60BM and C60 were purchased from ADS. All commercial products 
were used as received. 

  Device Fabrication : All PPDs were fabricated on commercial ITO 
patterned glass electrodes (15 Ω sq −1 : Kintec) in a class 1000 clean 
room. The ITO electrodes were cleaned in a detergent solution 
(Alconox) bath at 70 °C for 10 min, followed by sonication in sequence 
with Alconox, Milli-Q water, acetone, and 2-propanol for 10 min each. 
The cleaned substrates were dried with nitrogen before being coated 
with 30±5 nm PEDOT:PSS by spin-coating at 5000 rpm for 30 s. The 
PEDOT:PSS coated substrates were heated on a hot plate at 170 °C for 
10 min. After cooling, the substrates were transferred into a nitrogen-
fi lled glove box for device fabrication (O 2  < 1 ppm, H 2 O < 1 ppm). 
CH 3 NH 3 PbI 3  perovskite thin fi lms were spin-coated as per the method 
reported by Jeon et al. [ 20 ]  Typically, 461 mg PbI 2  and 159 mg MAI were 
dissolved in 1 mL of a mixed solvent of γ-butyrolactone (GBL) and 
dimethyl sulfoxide (DMSO) (7:3 v/v) with stirring and heating at 60 °C 
for 2 h. 200 µL of the CH 3 NH 3 PbI 3  solution was dispensed onto the 
PEDOT:PSS layer and spin-coated at 1000 rpm for 10 s. The spin speed 
was then increased to 5000 rpm, and after 30 s, 200 µL of toluene was 
dispensed onto the middle of the spinning “wet” perovskite fi lm in less 
than 2 s. Finally, the fi lms were left to spin at 5000 rpm for 20 s. The 
spin-coating was done at room temperature (20–25 °C). After depositing 
the perovskite layer, a 10 mg mL −1  PC60BM in toluene solution was 
spin-coated onto the CH 3 NH 3 PbI 3  perovskite layer at a spin speed of 
1000 rpm for 40 s to form a thin PC60BM layer (Type 1 devices), or 
a 25 mg mL −1  PC60BM in toluene solution was spin-coated onto the 
CH 3 NH 3 PbI 3  perovskite layer at a spin speed of 800 rpm for 40 s to form 
a thick PC60BM layer (Type 2). The devices were heated on a hot plate 
at 70 °C for 10 min. For comparison, 130 nm of C60 was evaporated at 
400 °C, under a 10 −5  mbar vacuum at a deposition rate of 0.6 Å s −1  onto 
a CH 3 NH 3 PbI 3  perovskite layer (Type 3) or a thick PC60BM layer (Type 
4), respectively. Finally, 1 nm of LiF and 100 nm of Ag were deposited 
by thermal evaporation under a 10 −6  mbar vacuum with an appropriate 
mask (0.2 cm 2  for each device) to complete the device. All devices 
were encapsulated for device performance measurements. A standard 
encapsulation protocol was used, namely: epoxy resin (XNR 5516Z-B1, 
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 Figure 3.    Temporal response of Type 1 and Type 4 devices. a) Normalized 
photocurrent versus incident light modulation frequency (irradiance = 
50 mW cm −2 ; 470 nm as representative of the LDR and EQE responses). 
The Type 4 devices exhibit a higher  f  −3dB  compared to Type 1. b) Meas-
ured  f  −3dB  versus bias voltage. Inset shows the equivalent circuit and 
the dotted lines the expected  f  −3dB  values based upon the total circuit 
 RC  (Load resistance = 150 Ω). c) Temporal response (−0.5 V bias) with 
standard 90%-response rise and fall times shown.
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Nagase ChemteX Corporation) was screened onto the edges of a 
capping glass plate, which was then placed onto the photodiodes fi rmly 
before being illuminated under UV light for 10 min. 

  Characterization : Optical absorption spectra were collected using a 
Cary 5000 UV–vis spectrophotometer. The crystallinity of the fi lms was 
characterized by XRD. All XRD spectra were obtained on a Bruker Advance 
D8 X-ray diffractometer equipped with a LynxEye detector, Cu tube (CuKα = 
1.5418 A) and operated at 40 kV with a 2θ scan range of 10°–70°. The 
surface morphology of the perovskite fi lms were imaged using a Hitachi 
SU3500 SEM with an accelerating voltage of 10 keV. Film thicknesses 
were determined using a surface profi lometer (Veeco Dektak 150). The 
capacitance of the devices was measured by the charge extraction by linearly 
increasing voltage (CELIV) technique as explained in detail in ref.  [ 27 ] . 

  Device Performance Measurements : The current density–voltage ( J–V ) 
characteristics were recorded using an Agilent B1500A Semiconductor 
Analyzer in the dark with a scan speed of 0.01 V s −1 . EQE spectra and 
the near normal incidence refl ectance of the devices were recorded 
with a PV Measurements Inc. QEX7 system, which was calibrated with 
a NREL certifi ed photodiode without light bias. Frequency response 
measurements were obtained using an NSPB500AS Nichia blue LED 
modulated using an Agilent 33250A arbitrary wave function generator. 
The photocurrent responses of the photodiodes were recorded using 
a digital storage oscilloscope (LeCroy Waverunner A6200). LDRs were 
determined using a second harmonic Nd:YAG laser (Laserver) operating 
continuously at 532 nm as the illumination source with a series of neutral 
density fi lters purchased from Thorlabs and Holmarc used to vary the 
light intensity. The light intensity was calibrated by a standard photodiode 
simultaneously to compensate for intensity fl uctuations and the current 
response was recorded by an Agilent B1500A Semiconductor Analyzer.  

   Note:  During the review process of this manuscript, a related paper 
discussing the CH 3 NH 3 PbI 3  perovskite photodiodes was published. [ 30 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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